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Research highlight 
x Optimized formation of reverse microemulsion (RM) for nanoparticle synthesis was studied 
x The RM was obtained by using the Box-Behnken(33) experimental design method 
x The effect of pH, cosurfantant amount and HLB on RM were studied  
x RM with average size of  42 nm and polydispersity index of 0.41 was achieved 
x Spherical Fe2O3 nanoparticles with 2 nm size were obtained using optimized RM. 
 
Abstract 
The present work investigates the development of water/mixed nonionic surfactant/co-
surfactant/cyclohexane reverse microemulsions (RM)suitable for nanoparticles synthesis. The 
mixture of Span 80 (oil soluble) and Tween 80 (water soluble) was selected as the surfactants. 
Optimum formulation of RM was obtained by using the Box-Behnken (33) experimental design 
method to evaluate the effect of three independent process variables, i.e., pH, Span 80 wt% in 
surfactant mixture, and propyl alcohol wt% in mixture of cyclohexane and propyl alcohol, on the 
preferred responses: average droplet size (ADS) and polydispersity index (PDI) of droplets. The 
model was validated experimentally based on an ANOVA table, and was optimized to reach the 
optimum formulation to yield the ADS and PDI for RMs.The determination coefficient (R2) 
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values of 0.991for ADS and 0.975 for PDI show that Box-Behnken design is a useful platform 
for the optimization of RMs formulation. Finally, iron oxide nanoparticles were synthesized 
under the optimum RM conditions and the uniform nanoparticle distribution with an average 
particle size of 2.1±0.49 nanometer and a polydispersity of 0.06±0.011 were obtained. 
Abbreviation and Nomenclature 
ADS Average droplet size [nm] 
bi First-order (linear) main effect 
bii Quadratic (squared) effect 
bij Interaction effect 
C.V. Coefficient of variation 
df Degree of freedom  
DOE Design of experiment 
IFT Interfacial tension 
k Factor number 
HLB Hydrophilic-lipophilic balance 
Qࣟ Number of experiment  
PDI poly dispersity index 
r Replicate number of the central point 
R2 Determination coefficient   
RM Reverse microemulsion 
SS Computed sum of squares 
TPC Total percentage contributions 
Y Process response 
Yp Predicted values by quadratic equation 
Yo Experimental value 
OY  Average of experimental values 
ɲ Level of significance 
ĭ Objective function  
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İ Error 
 
Keywords: Reverse microemulsions, Box-Behnken experimental design, Iron oxide 
nanoparticles, Span80/Tween80,Cosurfactant. 
 
1.Introduction 
Droplet microemulsion or swollen micelle system are colloidal dispersions, i.e., a suspension 
of small oil droplets (radius<100 nm) in an aqueous medium that stabilized by surfactants/co-
surfactant monolayer. Microemulsion as an isotropic one phase solution is optically clear and 
thermodynamically stable [1]. The term of microemulsion was firstly used by Schulman and 
coworkers [2] to describe a homogenous opaque solution in a water- benzene and Potassium 
oleate system. After the addition of a short chain alcohol as a co-surfactant, the solution was 
found to become clear, having a droplet size distribution in the range of 600 ~ 8000 nm, hence 
microemulsions was named and used subsequently [3, 4]. After the discovery, microemulsions 
have found a wide range of applications in oil recovery [5], food [6], cosmetic [7] and synthesis 
of nanoparticles [8]. Similarly, water swollen micelle dispersed in a continuous oil phase is 
called reverse microemulsions (RM) where the polar head groups of surfactant or co-surfactant 
molecules are attracted to the aqueous phase droplets while the hydrocarbon chain (non-polar 
part) is attracted by oil phase.  
In recent years, the synthesis of inorganic nanoparticles using the RM method has received 
considerable interests [4].A wide range of metallic, metallic oxide and ferrite nanoparticles have 
been produced using this method [9-11]. Nanometer sized and monodispersed water droplets in 
RM make it a versatile method to fabricate nanoparticles with controlled morphology [12, 13], 
surface area [14, 15] and uniform size distribution [16, 17]. In  this method, two different RMs 
containing precursors of a desired reaction are mixed together, where the surfactant-covered 
water droplets act as nano-reactors. The droplets collide each other driven by the Brownian 
motion or under an external field causes the fusion of droplets. Subsequently chemical reaction 
occurs inside the droplet, including the formation of primary nuclei, followed by growth 
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mechanism and finally stabilization of nanoparticles, as illustrated schematically in Fig. 1. 
Among various influencing factors, the average droplet size (ADS) and polydispersity index 
(PDI) of RM have the greatest influence on size and uniformity on produced nanoparticles [18].  
A number of RM parameters, such as surfactant/oil ratio, water/oil ratio or type of oil phase 
on ADS and PDI,have been investigated in the past [19, 20].For instance, it has been found that 
increasing water/oil or water/surfactant ratio would produce large ADS[21].However, the 
influence ofa few other parameterssuch as cosurfactant amount, hydrophilic-lipophilic balance 
(HLB) and pHfor different RMs requires further study, as briefly reviewed below. 
For any emulsion system, the choice of a right surfactant is critical. It has been shown that 
using a single surfactant alone is usually not sufficient to produce stable RMs[22]. The structure 
and HLB value of surfactant have been found to be the key factors for the formation of RM with 
a minimal ADS and PDI[23, 24]. To obtain an optimum HLB value, appropriate mixing of 
surfactants with different HLB values is aneffective way, as shown in Eq. (1), for a binary 
surfactant mixture: 
2211 HLBxHLBxHLB mix   (1) 
where x1 and x2 are the mass fraction of the two surfactants with HLB1 and HLB2, 
respectively, and HLBmix is the HLB value of the mixture. Depending on the system used, 
different HLB values have been reported in literature. Williams [25]suggested that a good HLB 
value for RM formation was between 3 and 6. Noor El-Din et al.[26]showed that at HLB=10, a 
minimum droplet size of 49.55 nm with a smallest Ostwald ripening can be obtained for amixed 
sorbitanmonooleate and polyoxyethylene (20) sorbitanmonooleate surfactants on water-in-diesel 
RMs. 
Using co-surfactants (e.g. short or medium-chain alcohols, polymers, amines) is an effective 
way to reduce the surface interfacial tension (IFT) of dispersed water phase in a RM.A low IFT 
would compensatea large increase in the dispersion entropy, forminga stable microemulsion 
[27].Co-surfactant molecules would form complex structures at the interfacial region of water 
droplets and the continuous oil phase, which would change the solubility of surfactant molecules 
and reduce the repulsions between the hydrophilic head groups.It has shown that the phase 
behavior of microemulsions in the presence of co-surfactant is of high importance in determining 
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their functions [28-31].In this aspect, Mathew and Juang [32]conducted a review on the role of 
alcohols on the formation of RMs. Azeem et al. [33]proposed ascreening criterionfor proper 
selection of oil, surfactant, and cosurfactants to formproper nanoemulsions. By combining 
Tween surfactant with six different types of cosurfactants of ethanol, isopropyl alcohol, n-
butanol, PEG 400, Carbitol, and propylene glycol, it was found that the parameters range of the 
existence of nanoemulsion was extended if the chain length of alcohol was increased and the 
number of hydroxyl groups was decreased.Yang et al.[34] showed that the presence of a 
cosurfactant favored the modulation of the strength of surfactant film and the exchange dynamics 
of micelles, and a goodcrystallinity of formed nanoparticles could be achieved. 
Another important factor in RM formation is the pH value,which has considerable effect on 
the characteristics of final produced nanoparticles [9, 35].DifferentpH values affect theionization 
of head groups of surface active components and the formation of different droplet sizes[36].The 
reducingagent inside droplets (e.g. sodium hydroxide, hydrazine) would produce an alkali 
medium insideRM and the high concentration of alkali agent in water phase woulddeteriorate the 
structure of RM.  
However, the majority of works on the effect of pH on reverse emulsion stability was related 
to the dispersion of water droplets in crude oil [37, 38]. In crude oil, the heavy components such 
as asphaltenes contain both acidic and basic components, and any change in pH of the water 
phase would affect the stability of reverse emulsion. In general, introducing inorganic acids 
oralkali would influence the ionization in the interfacial covering layer of emulsion droplets and 
modify their stabilities. This effect depends on the nature of the covering layer, but in general, 
alow pH would produce more stable water-in-oil emulsions whereas a high pH value would 
increase the stability of oil-in-water emulsions[39, 40]. A recent study by Daaou and 
Bendedouch [41]also showed the least stable reverse emulsion was in weakly acid environment 
caused by the adsorption of native surface active compounds in the crude at the oil/water 
interface. 
The complicated effects of different parameters on RM behavior demand more experimental 
analysis to find the optimum conditions. The traditional optimization process involving the trial-
and-error methodology is very time consuming and low efficient because of the inter-
dependency of various parameters. An appropriate alternative way is to use the design of 
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experiment (DoE) method. Many studies have shown that properly conducted, DoE can provide 
high efficient optimization for forming microemulsions [21, 42, 43]. For example Pey et al.[21] 
obtained an optimized composition and preparation method for microemulsions of 
water/Tween20/Span20/liquid paraffin by using the DoE technique, and revealed a linear 
dependence of the droplet size on the oil/surfactant ratio. A smaller ADS could be obtained ata 
higher surfactant amount, but a quadratic dependence of droplet size with Tween20 percentage 
was observed based on the optimal Tween20/Span20 ratio. It shall be noted, however,that the 
DoE is not a physical model that describes the real behavior of the process, but provide a  
strategy for optimizing microemulsion conditions. 
Above short review suggests that many parameters could affect the ADS and PDI of RMs, 
and many uncertainties still exist regarding the influence of the HLB, cosurfactant and pH 
values. Though DoE technique has been used to optimize oil in water microemulsions, few 
studies on RMs[44] has been conducted, especially considering the conflicting parameters. This 
work aims to develop a high potential RM for nanoparticle synthesis based on a ternary 
cyclohexane/nonionic surfactant mixture/water and obtain optimized parameters through the 
DoE method. As an example study, iron oxide nanoparticles are produced from RM droplets, and 
the DoE methodology is applied to evaluate the simultaneous effect of pH, HLB value and co-
surfactant amount as the significant variables on the PDI and ADS of RMs. The nonionic 
mixture of Span 80 (oil soluble) and Tween 80 (water soluble) that makes different HLB values 
were chosen as the surfactants. The sorbitan derivatives (Span), polysorbate derivatives (Tween) 
and dioctylsulfosuccinate sodium (AOT) are common efficient surfactants for the formation of 
RMs [45]. 
2.ExperimentalProcedure 
2.1.Materials 
Analytical grade materials including cyclohexane, sorbitanemonooleate (Span 80, HLB=4.3), 
polyethylene glycol sorbitan monolaurate (Tween 80, HLB=15), gum Arabic, 
polyvinylpyrrolidone (PVP), poly ethylene glycol (PEG 2000), propyl alcohol, octyl alcohol, 
1,2-propanediol, hydrochloric acid, sodium hydroxide, ferric chloride (FeCl3), ferrous chloride 
(FeCl2), were purchased from Sigma-Aldrichand used without further processing. 
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2.2.ReverseMicroemulsion Formation 
The RMs were prepared by continuous dropwise addition of 1 ml de-ionized water into a8 ml 
cyclohexane and1 g Span80-Tween80mixture,which was previously homogenized. Different 
weight percentages of Span 80 in surfactant mixture comprising 0, 20, 40, 60, 80 and 
100percentages were considered to evaluate the effect of HLB value. The equivalent HLB values 
were 15, 12.86, 10.72, 8.58, 6.44 and 4.3 for the mentioned weight percentages above. The effect 
of polymeric cosurfactants (PEG 2000, gum arabic and polyvinylpyrrolidone), alcohols (propyl 
alcohol, octyl alcohol) and diol (1,2-propanediol) was investigated on the stability of RMs.The 
pH of water phase was prepared by mixing adequate amounts of sodium hydroxide to get alkali 
pH (7-11), and acidic pH (3-7) was adjusted by chloridric acid. 
 
2.3.Synthesis of Iron Oxide Nanoparticles 
The massart co-precipitation method was considered for the production iron oxide 
nanoparticles according to the following reaction [46]: 
FeCl2+ 2 FeCl31D2+ĺ)H3O4+ 8NaCl+ 4H2O (2) 
The RMs containing FeCl3(0.04 M) and FeCl2(0.02 M) were produced based on the final 
optimum RM conditions at room temperature. Here 0.5 ml of sodium hydroxide (0.16 M) 
solution as the precursor for the reaction was added drop wise to RMs in a 10minutes duration. 
The mixture was stirred continuously for 4 hours to reach the equilibrium. 
2.4. Reverse Emulsion and Nanoparticles Characterization 
The ADS and PDI of droplets in RMs were measured by the dynamic light scattering 
technique using a Zetasizer (Malvern Zetasizer ZS). Five times of droplet size distribution 
measurement were conducted and were used for the estimation of standard deviation of ADS and 
PDI (i.e., each time is average of 10 trials with 1 second time step in between).In addition, the 
formation of different RMs was observed using an optical microscope (U-25ND6-Olympus) at 
20× magnification for more clarity. The stability of emulsions was monitored using the 
Turbiscan Lab Expert. The pH value was measured by a digital pH meter (Model HI-208 
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Hanna). Viscosities of RMs were measured using a Physica Anton Paarrheometer, model MCR 
301 (Cone plate CP75-1). Shear curves from 10-1000 s-1 were recorded at 22 °C.The 
morphology and size distribution of produced iron oxide nanoparticles were analyzed by 
Transmission electron microscope (FEI Tecnai TF20 TEM). High resolution TEM (FEI Titan 
Themis 300), which is equipped with super-X EDX system with 4-detector also was used to 
study the crystal lattice and elemental composition of nanoparticles.The size distributionof iron 
oxide nanoparticles was estimated based on the image processing of TEM photos with photoshop 
7 software for at least 100 nanoparticles. 
3.Response Surface Method 
3.1. Box-Behnken Design Method 
Response surface method(RSM) is an attractive optimization design tool inmany practical 
engineering applications and consists of three main steps [47].The 33(three-factor and three-
level)Box-Behnken factorial design was chosen as the RSM method to evaluate the formulation 
of RMs[48].Three experimental design variables (X1,X2, andX3)were selected as pH: X1,  propyl 
alcohol weight percentage in the mixture of cyclohexane and propyl alcohol: X2,and Span 80wt% 
in surfactant mixture: X3,which will be discussed in detail in Section 4.1.  
The number of experiments (n) needed for the development of Box-Behnken matrix is 
defined as n=2k(k-1)+r, where k is the factor number (k=3) and r is the replicate number (r=5) of 
the central point.So a total of 17 experiments have been employed in this work to evaluate the 
effects of the three main independent variables. The statistical experimental data were analyzed 
by the Minitab 16 software.The interaction of independent variables and measured responses 
were modeled using the following quadratic mathematical model [49]. 
¦ ¦¦¦
 !  
 
K
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ii XXbXbXbbY
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0 H  
(3) 
where Y is the process response or output (dependent variable), k is the number of the patterns, i 
and j are the index numbers for pattern, b0 is the free or offset term called intercept term, x1, 
x2,...,xk are the independent variables, bi LVWKH¿UVW-order (linear)main effect, bii is the quadratic 
(squared) effect, bij is the interaction effect, and İ is the random error or allows for discrepancies 
or uncertainties between predicted and measured values[50].The performance of the model and 
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VLJQLILFDQFHRIWKHVWDWLVWLFDOSDUDPHWHUVZDVDQDO\]HGE\$129$ZKLFKLQFOXGHGWKH)LVKHU¶V
F-test (overall model significance), Student's T-test at a probability P value of 0.05 and the 
determination coefficient R2. Fig. 2 shows the general framework of using DoE in this study. 
3.2. Optimization Procedure 
The quadratic regression equations of Box-Behnken factorial design were used to generate the 
objectivefunction to estimate the optimum values of parameters. In this study, thefitness function 
was generated in the manner that ADS and PDI were minimized afteroptimization by the 
following objective function using Minitab software: 
)PDI and ADS(Min I ,   3010,250,113sConstraint 321 ¢¢¢¢¢¢ XXX  
PDIADS u I
 
(4) 
 
4.Results and Discussion 
4.1.ReverseMicroemulsionStability 
The primary tests for determination of Span 80 wt% levels were done in pH=7 and in absence 
of co-surfactant. Fig. 3 shows the reverse emulsions with different Span 80wt% right after the 
mixing and after one hour¶V immobility, respectively.In the presence of the pure Span 80 (Fig.3), 
a milky macroemulsion was formed, which was not appropriate for nanoparticle synthesis. 
Similarly, in the presence of pure Tween 80, a viscous fluid similar to honey was formed instead 
of a reverse emulsion. After 1 KRXU¶Vimmobility, it could be observed that the samples with ratio 
higher that 40wt% of Span 80 started to sediment.  
Turbiscan Lab Expert is an effective tool for monitoring the stability of emulsions and 
suspensions. The analyzing is based on the measurement of light transmission and backscattering 
of near-infrared light (NIR) source along a cylindrical vessel containing samples. The changes in 
transmission and backscattering are recorded versus time. According to final intensity pattern of 
NIR light, the destability behavior of suspension is interpreted as a function of coalescence, 
creaming and/or sedimentation as illustrated in Fig. 4 [51-52]. 
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Fig.  5. Represents the transmission curves of emulsion samples containing 20, 40, and 60 
wt% of span 80.  
The transmission profiles of sample containing 40 wt% span 80 (Fig. 5-b) displaysa distinct 
clear domain (transmission100%) separated froma turbid zone (transmission 0%). The clear 
domain was gradually extended, which showed a mild differential sedimentation over time [53]. 
The droplet size of samples containing 20, 40, and 60 wt% of span 80 were measured using DLS 
method, which is shown in Fig. 6. The ADS of emulsions were calculated to be 447, 606 and 782 
nm for 20, 40 and 60 wt% span 80 respectively. The sedimentation was higher in the sample 
containing 60 wt % Span 80 due to larger water droplet (ADS of 782 nm). Consequently, 
coalescence of droplets and differential sedimentation can be distinguished from transmission 
profiles (Fig. 5-c) [54].  
Comparing to other concentrations, the transmission profiles for sample containing 20 wt % 
span 80 (Fig. 5-a) were close to the base line value for the whole height of the sample, which 
evidenced the good stability of emulsion at this concentration. The shape of NIR light pattern is 
similar to the result of Celia et al. [55] for stable vesicular drug carriers, which shows no droplet 
size variation during the period of analysis. Positive or negative variations of the backscattering 
profiles over of 18 mm height of sample containing 20 wt% span 80(Fig. 5-a) was not correlated 
with the destabilization processes. These variations were caused by the enclosed air on the top of 
the cylindrical glass tube [55, 56]. 
Fig.7, shows the effect of Span 80 percent (HLB) on the ADS, where the minimum range of 
ADS was found in the range of 10-30wt % of Span 80. Thus,a value in this domain was selected 
for Span 80 wt % variable in the DOE part. Fig.8 shows the reverse emulsion images right after 
the mixing and after 5 hour¶s immobility in the presence of 0.5 g different cosurfactants (at pH=7 
and 40 wt % of Span80).According to Fig.8-a, the PVP had the best stabilizing effect among 
allused polymers. However, it appears that the polymers were not good additives for stabilizing, 
as shown by the quick sedimentation of reverse emulsion (Fig.8-b). Comparing to polymers, 
alcohol and diol had better stabilization effects, without showing any visual sedimentation 
(Fig.8-d).  
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Droplet size distributions of different alcohol and diol are shown in Fig. 9.Since the ADS of 
propyl alcohol (119±7.3nm) was lower than 1,2-propanediol (305±21.5 nm) and octyl alcohol 
(148±10.7 nm), propyl alcohol was selected as a candidate for stabilizing the RM. Moreover, the 
viscosity of RM was measured for different alcohols (Fig. 10).  According to Fig. 10, the 
viscosity of RM in the presence of propyl alcohol was lower than 1,2-propanediol, which helps 
to a better mixing during the fission and fusion of droplets. 
Therefore, the variables were selected as pH: X1, propyl alcohol wt% in mixture of 
cyclohexane and propyl alcohol: X2 and Span 80wt% in surfactant mixture: X3 for Box-Behnken 
factorial design. The dependent and independent variables (with maximum, minimum and 
central levels) are shown in Table 1.The ASD and PDI values of reverse emulsion were chosen 
as the response. The PDI is a criterion of dispersity (heterogeneity of sizes of droplets) in a RM. 
The lower dispersity of reverse emulsion would lead to the formation of more uniform 
nanoparticles in droplets. Seventeen batch experiments were designed by RSM, which are given 
in Table 2. Table 2 also shows the experimental value (observed) of ADS and PDI for different 
samples based on 17 batch experimental conditions. 
 
Fig.11 shows optical microscopy images at 20× magnification of the reverse emulsion 
droplets for different experimental run in Table 2.The formation, size distribution and dispersity 
of droplets in reverse emulsion obviously can be distinguished from Fig.11. 
 
4.2.Coefficients of quadratic models 
The determination coefficients of linear, 2-factor interaction (2FI) and quadratic models are 
shown in Table 3.The determination coefficient values(R2) were found to be 0.991 and 0.975for 
ADS and PDI respectively, which indicating good fit of regression (Table 3). The determination 
coefficient is a measure of the amount of variation around the mean explained by the quadratic 
models.  
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Also the adjusted R2 and predicted R2values are presented in Table 3. Adjusted R2 considered 
as a measure of the amount of variation around the mean explained by the model adjusted for the 
number of terms in the model. Predicted R2 is a measure of the amount of variation in new data 
explained by the model can be applied for the evaluation of the model. The difference of 
adjusted R2 values and predicted R2are 0.074 and 0.041 for ADS and PDI respectively. Both 
values are less than 0.20 which shows there is not any problem with data or regression 
model[57]. The coefficients of quadratic models for ADS and PDI responses have been 
presented in Table 3. 
Analysis of variance (ANOVA) values for the quadratic regression model are listed in Table 
4.  7KHPRGHOVKDYHDQDFFHSWDEOHGHJUHHRIDFFXUDF\LI³0RGHO)-9DOXH´EHJUHDWHUWKDQWKH³
tabulated F-Value´ at a level of significance of Į)RUĮ GHJUHHRIIUHHGRPRIDQGn=17, 
the tabulated F value (F0.05, df, (nídf+1)) wasobtained equal 3.18from the standard distribution 
table. It can be observed that the tabular F value is clearly less than thecalculated F value of 
models. Therefore, tKHPRGHO¶V)YDOXHRI93.1 and 30.3 for ADS and PDI in Table 4 implies the 
significant of model for both responses. 
 
In quadratic equations of ADS and PDI, the main effects of X1, X2, and X3shows the average 
results of changing 1 variable ata time from its low-level to high level. The interaction 
termsX1X2, X1X3, and X2X3 represents how the ADS and PDI changes when two variables are 
simultaneously changed. With attention to the adjustment of RSM method in the present study, 
p-value (P) less than 0.05 shows that the relationship between the predictor and the response was 
statistically significantIn ADS regression model 1X , 3X , 21X , 22X , 23X , 21 XX , 31 XX and 32 XX are 
significant terms while the terms of 1X , 2X , 3X ,
2
1X ,
2
2X ,
2
3X , 31 XX and 32 XX are significant in 
PDI regression model.Both negative and positive correlation with the response may yield an 
unpleasant effect, depending on the system studied. 
Table 5 represented the actual value (observed), predicted value and coefficient of variation 
(C.V.%) for eachresponse. The coefficient of variation was calculated using the following 
equation.  
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The coefficient of variation (C.V.) indicates thedegree of precision of conducted experiments. 
A relativelylower value of C.V. (5.49 and 4.84 %) indicates precision and reliabilityof the 
experiments [58, 59]. Similar to Meng et al., [60] the ANOVA analysis was performed to obtain 
the total PC values for the possible first-order, quadratic and interaction terms according to the 
following equations, respectively: 
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(8) 
where TPCi ,TPCii, and TPCij are the total percentage contributions (TPC) of first-order, 
quadratic and interaction terms, respectively. Similarly, SSi, SSiiandSSij are the computed sum of 
VTXDUHVIRU¿UVW-order, quadratic and interaction terms, respectively. Based on the sum of squares 
obtained from the ANOVA, the percentage of contributions (PC) for each individual term were 
estimated and illustrated in Fig.12. 
Fig.12 shows that the TPCi of first order terms and quadratic order terms had the highest 
level of significance with a total contribution of 57 and 74 % as comparing to other TPC values 
in the ADS and PDI, respectively.  
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4.4.Optimization studies for reverse microemulsion conditions 
The output functions of RSM method were used as an objective function Eq.(4) for 
theoptimization process using Minitab software.  
Table 6shows the results of optimum process parameters and thoseobtained from the RMs 
that were synthesized in lab. Fig. 13-a shows the trend of fitness function value during the 
minimization and optimum values. Fig. 13-b shows the affect of each factor on the responses. 
The vertical red lines on the graph represent the current factor settings. The numbers displayed at 
the top of a column show the current factor level settings (in red). The horizontal blue lines and 
numbers represent the responses for the current factor level. Minitab calculates that ADS and 
PDI are minimized when all factors are at X1=5.98, X2 (wt.%)=8.08 and X3 (wt.%)=26.56. 
The Fig.14 shows the stability test anddroplet size distribution (3measurements with 1 min 
interval) of RM at optimum condition just after production.  
According to Fig.14-a stable transparent microemulsion with 42 nmaverage droplet size was 
obtained under the optimum conditions. The ADS of RM by passing time (Fig. 14-c) shows no 
significant change for ADS for long time of several months, which confirm formation of RM. 
The results of this study confirmed the increasing stability of reverse emulsions by using a 
mixture of surfactants. The optimum value of 12.15 for HLB in this studywas close to the 
optimum value of 10 in Noor El-Din et al.[26] formixed sorbitan monooleate and 
polyoxyethylene sorbitan monooleate surfactants in water-in-diesel fuel nanoemulsions. The 
HLB value was far away fromsuggested optimization range of 3-6 from Williams [25]. This is 
because of using Span 80 and Tween 80 surfactant¶VPL[WXUHwould producesynergic effects on 
the properties of emulsion.There was an optimum ratio wherethe best balance between the 
arrangements of surfactant molecules in the interfacial region of water droplets was reached. The 
Span 80 molecules are oil soluble and would consolidate by spreading in oil phase. On the other 
hand Tween 80 molecules are water soluble and the formation of hydrogen bonds between 
hydroxyl group and water molecules would consolidate in water phase. At the optimum balance, 
the strength of interfacial film reaches to the best situation, preventing from the deformation of 
droplets by external force, and hence a lowed polydispersity. 
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Increasing the amount of cosurfactant changes the relative oil and water solubility of 
surfactants. So there is an optimum value for cosurfactant to achieve the best solubility of 
surfactants [61].In this study all of the cosurfactants studied improved the RM stability but the 
alcohols achieved the best results. This observation is consistence with Azeem et al. [33]who 
examined the affect of ethanol, isopropyl alcohol, n-butanol, PEG 400, Carbitol, and propylene 
glycol as cosurfactants. As alcohol molecules have a weak amphiphile behavior in water/oil 
mixture,they participate in the interfacial region of droplets and form dense surfactant molecules, 
leading to the reduction of the water uptake and the droplet size [32].In fact, in the presence of 
alcohol, the interfacial tension between oil and water droplets decreased, producing smaller 
droplets. However under high alcohol concentration, the increasing attractive inter droplet 
interaction could produce a reversed effect and so an optimum amount of alcohol is desired to 
form microemulsions[62]. The optimum value of 8 was obtained for propyl alcohol wt% in 
mixture of cyclohexane and propyl alcohol. 
When surfactant molecules adsorbs on the interface of droplets, the interfacial tension 
between the two phases would decrease before the CMC. Adsorbed surfactants stabilize 
emulsions via either steric stabilization or electrostatic stabilization. Water droplets in continuous 
oil emulsioncan be considered as conducting particles in a non-conducting media. In fact, the 
ions are trapped and spread interior in the water droplet and cause the formation of a thin double 
layer around droplets, which cannot exhibit any electrostatic repulsion. In general, electrostatic 
stabilization is significant only for oil in water emulsions since the electric double layer thickness 
is much greater in water than in oil. According to Table 1 and Fig. 11, in the acidic and alkali 
media, the polydispersity of droplets has increased. This is probably because of the destructive 
effect of OH- and H+ ions on the formation of alcohol-surfactant hydrophilic head complex 
which need further study.  
Fig. 15 shows the 3D response surfaces as the functions of two variables at the optimum 
level of other variables. 
The optimum conditions of RM according to Table 6 (pH=5.98, HLB=12.15, propyl alcohol 
wt% in mixture of cyclohexane =8.08) were used to synthesis iron oxide nanoparticles. Fig. 15 
illustrates the procedure of iron oxide nanofluid production. After completion of reaction, the 
nanoparticles are dispersed inside RM environment (Fig. 15-a), Organic phase separation from 
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aqueous phase was performed by destabilization of RM through addition and mixing of 4 ml de-
ionized water to final suspension reaction (Fig. 15-b).The final iron oxide nanoparticles were 
transfer from organic phase to water phase by phase transformation technique. The phase 
transformation approach is based on movement of nanoparticles between organic-aqueous phases 
WKURXJKPRGLILFDWLRQRISDUWLFOH¶VVXUIDFH ligands. The work of Sperling and Parak [63] showed 
that such modification could transfer the formed nanoparticles from the original nonpolar 
environment (i. e., organic phase) to a polar aqueous phase. By adding one droplets of acid citric 
and mixing, iron oxide nanoparticles were transferred from the organic phase to the water 
phase(Fig. 16-c). The addition of acid produces a new layer of surfactant molecules on the 
original ligand of nanoparticle surface which has been discussed and confirmed in advance in our 
previous study [12].Final Iron oxide nanofluid was produced by separation of water phase 
containing nanoparticles form organic phase and addition of 30 ml extra ionized water (Fig. 16-
d) [12]. 
Fig. 17-a,b shows HRTEM photos of iron oxide nanoparticles which were synthesized under 
the optimum RM conditions (pH=5.98, HLB=12.15, propyl alcohol wt% in mixture of 
cyclohexane =8.08). Fig. 17-c shows the size distribution of nanoparticles which was estimated 
using image processing by photoshop 7 software. Pretty uniform spherical nanoparticle 
distribution with 2.1±0.49 nanometer average size and polydispersity of 0.06±0.011 was 
obtained by the RM method. The comparison of ultra small monodisperse iron oxide 
nanoparticles with a precise size control of 1 nm in this study with other methods in the literature 
such as thermal decomposition (4-20 nm) [64], sol-gel (9-12 nm) [65], sonochemical (30-40 nm) 
[66] and electro-oxidation (20-30 nm) [66] shows the excellent capability of proposed approach. 
EDEX analysis of iron oxide nanoparticles showed a strong peak in graph at 6.4 keV (Fig. 17-d) 
corresponding to the iron element. An extra peak of carbon and cupper were observed on EDEX 
graph, which was due to the carbon coated copper TEM grids used. 
 
5. Conclusion 
 
Optimized formation of RM, particularly for nanoparticle synthesis was studied by the Box-
Behnken factorial design. The pH, co-surfactant amount and HLB were selected in the design of 
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experiments method as the important factors that influence the average size and polydispersity 
index of the reverse emulsion droplets. The determination coefficients of 0.991 and 0.975 for 
average size and polydispersity index respectively showed the good fit of quadratic regression. 
The values of pH=5.98, propyl alcohol/mixture of cyclohexane and propyl alcohol=8.08wt% and 
span80/surfactant mixture=26.56wt% were obtained as the optimum parameters through the 
optimization process. At the optimum conditions, a RM with average droplet size equal 
42±3.2nanometer and polydispersity index equal 0.41±0.041was achieved. Also the uniform iron 
oxide nanoparticles with average particle size of 2.1±0.49and polydispersity of 0.06±0.011was 
produced by using RM at optimum conditions. 
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a)  
 
b)  
c)  d)  
Fig. 1. Mechanism of formation of nanoparticles in a RM, a) collision of nanodroplets 
containing different precursors, b) exchange of precursors during fusion and fission, c) formation 
primary nuclei and growth mechanism, and d) stabilization of  nanoparticle. 
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Fig.2.The general framework of RSM design and optimization process. 
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a)  
 
Fig. 3. The reverse emulsions were synthesized using different wt% of Span 80 (pH=7 and in 
absence of any co-surfactant) just after mixing. 
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Fig. 4. Example of detection coalescence and sedimentation using Turbiscan transmission 
profile. 
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Fig.5.Transmissionprofilesof reverse emulsion containing a) 20,b)40 and c) 60wt % 
Span80using Turbiscan Lab Expert (pH=7 and in absence of any co-surfactant) just after samples 
preparation. 
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Fig. 6. Droplet size distribution of reverse emulsion at different weight percent of span 80 
surfactant. 
 
Fig.7.Effect of Span 80 wt % (HLB) on average droplet size distribution. 
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c)
 
d)  
 
Fig. 8. The reverse emulsions were synthesized with adding 0.5 g of different (at pH=7 and 40 
wt% of Span80), a,b) polymer cosurfactant mixing, c,d) alcohol and diol cosurfactant. 
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Fig. 9. Droplet size distribution of reverse emulsion for alcohol and diol cosurfactant. 
 
Fig. 10. The viscosity versus shear rate for RMs containing different alcohols. 
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a)  b)  
c )  
Fig.11. Optical microscopy image at 20× magnification for different experimental run a) no. 
6, b) no. 9 and c) no. 17. 
 
          a)                                                                                                             b) 
Fig.12.A detailed schematic showing the percentage contributions of components for a) ADS and 
b) PDI. 
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a)  
b)  
Fig. 13. a) The trend of fitness function value b) affect of each factor on the responses. 
  
0 10 20 30 40 50 60 70
0
1
2
3
4
5
6
7 x 10
4
Iteration
Fi
tn
es
s 
v
al
u
e
  
36 
 
 
a) 
 
b) 
c) 
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Fig.14. a) The stability test, b) droplet size distribution of RM at optimum condition, c) ADS 
of RM versus time.  
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f)  
Fig. 15. The combined effect of a)pH and span 80, b) span 80 and propyl alcohol, c) pH and 
propyl alcohol on ADS; The combined effect of d)pH and span 80, e) span 80 and propyl 
alcohol, f) pH and propyl alcohol on ADS 
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a)  b)  c)  
d)  
 
Fig. 16. a) the suspension reaction just after reaction, b) phase separation of reaction suspension 
after addition de-ionized water, c) phase transformation by adding one droplet acetic acid, d) 
nanofluid of iron oxide after mixing with extra de-ionized water. 
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d) 
 
Fig. 17. a, b) HRTEM photo, c) size distribution and d) EDEX analysis of iron oxide 
nanoparticle with 2 nanometer average size which has been synthesized in optimum RM. 
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Table 1. The dependent and independent variables. 
Independent variable Low level (-1) Medium level (0) High level (+1) 
X1: pH 3 7 11 
X2: propyl alcohol in mixture of cyclohexane 
and propyl alcohol (wt%) 
0 12.5 25 
X3: Span 80 in surfactant mixture (wt%) 10 20 30 
Dependent variables    
Y1 = Average droplet size, ADS, (nm)    
Y2 = Polydispersity index, PDI,    
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Table 2.  Box-Behnken design matrix with three independent 
variables and observed output responses. 
 
Output responses (Observed)Level of parameters   

No 
PDI ADS (nm) 3X 2X 1X  
0.61±0.065 57±4.3  30 12.5 3 1 
0.74±0.056 105±13.6  20 0.0 3 2 
0.81±0.023 91±6.8  30 25.0 7 3 
0.48±0.031 68±2.4  20 12.5 7 4 
1±0.00 112±19.3  20 25.0 11 5 
0.34±0.033 71±5.6  20 12.5 7 6 
0.85±0.048 207±17.1  10 0.0 7 7 
0.91±0.084 93±14.3  30 12.5 11 8 
0.85±0.042 288±16.2  10 12.5 3 9 
0.43±0.036 62±4.8  20 12.5 7 10 
1.0±0.00 48±9.5  20 0.0 11 11 
0.44±0.020 51±2.8  20 12.5 7 12 
0.92±0.012 120±13.9  20 25.0 3 13 
0.68±0.078 255±22.1  10 25.0 7 14 
0.51±0.048 65±3.1  20 12.5 7 15 
0.43±0.017 98±3.2  30 0.0 7 16 
0.81±0.071 183±16.9  10 12.5 11 17 
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Table 3.Summary of regression analysis for responses. 
Models R2 Adjusted R2 Predicted R2 
ADS (nm)    
Linear 0.56 0.46 0.24 
2-factor interaction 0.63 0.42 0.00  
Quadratic 0.991 0.981 0.907 
PDI
 
   
Linear 0.11 0.00 0.00 
2-factor interaction 0.27 0.00 0.00 
Quadratic 0.975 0.902 0.943 
Suggested regression equations of the fitted models 
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Table 4.Some statistical value formodel parameters whichwere obtained fromANOVA 
table. 
Factor DF 
ADS PDI 
Sum of 
squares 
F 
p value Sum of 
squares 
F 
p value 
Model 9 84774 93.1 0.000 0.75 30.36 0.000 
ଵܺ 1 2244 47.7 0.000 0.043 95.8 0.000 ܺଶ 1 1800 1.3 0.293 0.017 34.8 0.001 ܺଷ 1 44104 385.6 0.000 0.023 27.38 0.001 
ଵܺଶ 1 1402 6.6 0.036 0.38 126.69 0.000 ܺଶଶ 1 2501 16.9 0.004 0.15 53.0 0.000 ܺଷଶ 1 26394 261 0.000 0.019 6.9 0.034 
ଵܺܺଶ 1 600 5.94 0.045 0.007 2.77 0.140 
ଵܺܺଷ 1 4970 49.1 0.000 0.029 10.83 0.013 ܺଶܺଷ 1 756 7.4 0.029 0.074 26.8 0.001 
Residual 
Error 
7 707   0.019   
Lack of fit 3 470 2.64 0.185 0.003 0.26 0.854 
Pure 
Error 
4 237   0.016   
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Table 5.  The observed results and predicted valuesfor 
responses. 
 
PDI ADS (nm)
No 
% Error 
 obsY preY 
% 
Error 
 
obsY preY 
5.53 0.61 0.578  6.61 57 61.04 1 
1.20 0.74 0.749  4.22 105 109.63 2 
0.856 0.81 0.817  3.59 91 87.84 3 
9.58 0.48 0.438  9.06 68 62.35 4 
1.31 1 0.987  6.68 112 104.98 5 
22.37 0.34 0.438  13.87 71 62.35 6 
1.55 0.85 0.837  0.47 207 207.99 7 
1.44 0.91 0.897  4.16 93 97.04 8 
1.27 0.85 0.861  2.36 288 281.34 9 
1.82 0.55 0.438  0.56 62 62.35 10 
1.72 1.000 0.983  6.30 48 51.23 11 
0.45 0.44 0.438  18.20 51 62.35 12 
0.86 0.92 0.928  4.07 120 115.3 13 
3.65 0.68 0.656  3.86 255 265.24 14 
16.43 0.51 0.438  4.25 65 62.35 15 
5.07 0.43 0.453  14.49 98 85.59 16 
2.99 0.81 0.835  3.68 183 176.5 17 
  
47 
 
 
 
 
 
 
 
  
0.692  116.11 
Mean of  
predict 
0.794  115.02 Mean of  
observe 
0.020  735.03 SSE 
4.84  5.49 C.V.% 
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Table 6. The results of optimum process parameters and experiments. 
Optimum parameters Output response 
X1 X2 (wt.%) X3 (wt.%)  ADS PDI 
5.98 8.08 
26.56 
(HLB=12.15) 
Predicted 49.47 0.39 
Experimental  42±3.2 0.41±0.041 
Error % 15% 4.8% 
 
